Initially unoriented nylon-6,6 has been drawn to various draw ratios at different draw temperatures. The tensile modulus and degree of orientation were found to increase with draw ratio for a given draw temperature (although the increases were less pronounced around the glass transition temperature (T g ) region). For a specific draw ratio, the increase in tensile modulus went through a minimum following drawing near T g (65°C) and peaked when drawn at the maximum crystallisation temperature (approximately 170°C). The increase in modulus following stretching below T g (i.e cold drawing) was thought to result from substantial increases in preferred orientation of the molecules along the fibre axis, despite the decrease in crystallinity induced by disruption of the crystallites. Since stretching above T g did not produce significantly higher preferred orientations than stretching near T g , the effect of annealing, and hence increased crystallinity, was thought to account for the greater increases in modulus following these higher temperature treatments.
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INTRODUCTION
Drawing of polymers has been known to produce realignment of molecular chains with certain crystallographic planes along the draw direction. Various technigues exist for achieving this [1] which include die drawing [2] , zone drawing [3] , extrusion drawing [4, 5] and drawing of gels [6, 7] which was particularly successful in the orientation of HDPE.
The conventional drawing technigues which include cold/hot drawing, rolling and extrusion have been used extensively to produce molecular orientation (e.g [8, 9] ). The conventional test method which involves gripping the specimen at the two ends while a uniaxial stress is applied has always appeared to possess limited efficiency especially if the specimens are small (for example fibres) or of a large section [8] . However for the comparative studies of certain specific drawing characteristics of polymers, this technigue is very useful [9, 10] . Draw ratios achieved using this technigue are usually not the maximum attainable in an ideal situation.
Orientation of a semicrystalline polymer below its melting point produces extended chain crystals of fewer folds and defects, which result in stronger and stiffer fibres [1] .
transitions are very difficult to orient because their crystal segments cannot be readily realigned [1] .
A fully-aligned polymer has very high strength and tensile modulus due to the high ultimate strength of the C-C bond. Using a polymer that provides a high molecular entanglement, ultra-high modulus is achievable by stretching at temperatures close to or above the crystalline melting point [13] . The polymer must be of high molecular weight to guarantee the continuity of the network structure. This class of polymer, [13] , can exhibit high temperature properties and structural features which are significantly different from those found at lower temperatures near T g .
The present investigation is part of recent studies carried out on the deformation, structure-property and orientation characterisation of short carbon fibre reinforced nylon-6,6 composites. The wide angle x-ray diffraction (WAXD) technique has been used for the quantitative molecular orientation characterisation of the uniaxially drawn nylon-6,6
fibres. Parts of the results obtained in this work have been compared with those of drawn nylon-6,6 composite [14] .
The effects of induced molecular orientation on mechanical properties have been studied and documented in the past [5, 16, 17] . This paper investigates the qualitative and quantitative changes in the induced orientation and relates the resulting tensile modulus to the draw temperatures and draw ratios.
2.THEORY
Consider a unit cell of lowest symmetry (i.e a triclinic). The orientation of the c-axis can be described by two angles θ and α which define angles between the c-axis and the z-axis (Θ) and between the projections of the c-axis in the x-y plane and the z-axis φ [18] .
In general, orientation of a unit cell can be defined in terms of the Eulerian angles (θ, φ, ψ) [18] in which the orientation function will take the form ρ(θ,φ,ψ) where
For the orientation of a uniaxially drawn sr oimen which produces a simple fibre structure, ψ=0, i.e ' ,ie axis coincides with the z-axis.
The degree and possible type of orientation can be determined by x-ray diffraction using a flat plate film camera. The azimuthal angle θ between the meridian and the point of maximum intensity of the diffraction arcs on the film can be measured directly. The intensity distribution from an inclination photograph for which the specimen is inclined at a Bragg angle θ οοι (for the (001) reflection) is used for the determination of the degree of orientation.
The geometrical distortion of the (001) reflection may be corrected to give the true orientation distribution, using the eguation 
= -|(3<cos^c z > -1)
For orthogonal crystallographic axes,
which implies that
The degree of orientation can easily be specified by knowing two of the orientation functions. Γ is unity for perfect orientation along the preferred direction, zero for a random orientation distribution, and -1/2 for complete orientation perpendicular to the preferred direction.
For a specific plane (hkl) the mean-square cosine is given by [20] :
known as the orientation function in which χ(φ) = Γ 2π χ(φ,β) dp (ίο)
Jo
where β is the projection of φ on the x-y plane. The orientation function can be computed directly from eqn. (9) as a measure of the degree of orientation or be substituted in eqn (3) for the HOF.
EXPERIMENTAL DETAILS

Sample Preparation
The material used was an Ά100 Maranyl · nylon-6,6
supplied by Courtaulds U.K in granular form. A vertical extruding device [21] which consisted of a solid mild steel cylindrical block of diameter 75mm, and height 87mm with three holes of diameter 12.5mm arranged triangularly around a central barrel of diameter 16.5mm was used for the extrusion of all the fibres in this work. The arrangement was insulated in a hollow cylinder made of ceramic board which was used to cover other exposed parts.
The device was heated to above 275°C and allowed to stabilise to 275°C after pouring in the granules. After about 10-15mins a plunger was pushed down on the melt with a small dead weight. The extrudate was then carefully guided out of the orifice freely without tension. A die of diameter 1.0mm was used and the extrudates consisted of large sections with diameters ranging between 0.35mm and 0.6mm. The test specimens were taken from the 0.45-0.5mm sections. All specimens were drawn as extruded without prior annealing.
Drawing Procedure
An elevated temperature chamber, similar to that described by Peiffer [9] , was constructed and used to achieve the desired draw temperatures. It consisted of two heating plates were used for holding the rods in place to make it easy for the glass tube to slide in and out and to allow the test specimen to be lowered into the test chamber. The apparatus was operated on an Instron tensile testing machine model 1162.
The test chamber was first heated the reguired draw temperature and then the specimen, fixed between two specially designed grips and connecting rods, was carefully lowered into the hot zone. One connecting rod was screwed to the bottom end and the top connecting rod was hooked on the lower end of the load cell. The temperature was then allowed to reach the reguired value and stabilise for between 10-15min before drawing commenced.
The reguired approximate elongation for each draw ratio was marked on the force-extension chart using a plotter connected to a computer controlled measurement system. A travelling microscope was mounted directly to monitor and measure the elongation which was freguently cross-checked with the force-time data output. Drawing was carried out at the cross-head speed of 5mm/min.
At the end of drawing, the specimen was held in place and the elongation maintained constant during cooling. The 
Mechanical Testing
The tensile testing was carried out at the ambient room temperature of 25°C and a relative humidity of 55±5% and in conformation with the ASTM D638. The force-extension chart and the force-time data for each specimen were obtained and converted to a stress-strain curve from which the tensile modulus was calculated. It was assumed that the strain generated during testing was concentrated in the necked region. As a result of high draw ratios, only very small errors would be expected to be introduced due to strain in the undrawn area. The length of the necked section was used in the determination of the tensile modulus.
The maximum error in temperature measurement was ±3°C
and all tensile modulus data reported were corrected for instrument errors.
Microdensitometry and WAXD Analysis
The WAXD pattern was obtained on a Philip PW1820 X-Ray generator using Cu-K a radiation that passed through a Nickel filter. Pinhole collimation of diameter 500μιη was used and the sample-film distance was kept fixed at 40mm. The behaviour of the fibre at the draw temperature range above T g is shown in fig. 2 . At each constant draw temperature from 100°C, the tensile modulus continued to about l.OGPa for all draw ratios. However, at the draw ratio of 3.5, (the highest considered in this study), the peak tensile modulus was attained at a slightly lower draw temperature of about 13 0°C.
(b) Orientation Analysis
The orientation analysis of the drawn nylon-6,6 fibres is In contrast, at the draw temperature of 2 00°C and draw ratios of 1.8, 2.8 and 4.5 ( fig. 7 ), sharper and more distinct reflections are obtained at all draw ratios. There is a reduced background scatter from amorphous areas and the (010) (110) diffraction arcs are clearly distinct. As expected, the rate of crystallisation is very high at this temperature.
Degree of Orientation
The guantitative measure of the induced orientation in drawn nylon-6,6 fibre is represented in figs. 8, 9 and 10. 
DISCUSSION
The principal reason for drawing a polymer is to produce a high molecular orientation with the effect of giving a considerable increase in tensile modulus along the draw direction. Polymeric materials are commonly used in the form of drawn sheets or fibres in which such mechanical property characteristics of the chain-like structure have been developed.
As can be seen in fig. 1 , the tensile modulus increases with draw ratio, but in the glass transition region the increase becomes less pronounced and passes through a minimum for the same draw ratio ( fig. 3 ) . This can be explained in terms of the molecular relaxation mechanisms. The α-relaxation, which is greatly influenced by the degree of crystalline orientation [27] , primarily involves motions in the non-crystalline regions. The main chain motion responsible for the arelaxation is associated with a large scale coordinated segmental motion of carbon atoms [28] involving the rupture of hydrogen bonds in the amorphous region in nylon-6,6 [29] .
At draw temperatures above 100°C, the tensile modulus continues to increase for a specific draw ratio ( fig. 2 ) and reaches a maximum at the draw temperature of about 170°C ( fig.   3) . At the molecular level, this phenomenon can be attributed to crystallisation effects. The molecular chains, which become disrupted when stretched at around Τ , start to recrystallise.
This process, which increases with draw temperature up to around 175°C, involves molecular rearrangement that improves the fibre tensile properties.
This recrystallisation effect reaches a maximum at around 170°C [9] (fig. 3 ) the region which contains the maximum crystallisation temperature for nylon-6,6 [30] . Above this maximum, it is thought that the nature of the microstructure would be determined by crystalline disruption and melting of large crystals which have grown to a maximum during crystallisation. Although nylon-6,6 and PET do not exhibit a secondary transition [1] / a maximum crystallisation temperature does exist at about halfway between the T g and T m [30] , The decrease in crystallinity at high draw ratios of 3.0 and 3.5
and high draw temperatures is thought to contribute to the decrease in the temperature at which the maximum crystallisation was attained.
The understanding of molecular mechanisms of relaxations in crystalline polymers is complicated by the complexity and uncertainty of their physical structure. In general relaxation effects in polymers can arise from the presence of impurities of low molecular weight; but the precise mechanisms of such relaxation are not clearly understood [29] .
For a fixed draw ratio, the modulus has been shown to vary with draw temperature, going through a minimum at ap- The maximum draw ratio attained in this investigation was achieved at the draw temperature of 175 °C. The draw temperature at which the maximum tensile modulus was reached represents the limit at which the tie molecules in the amorphous phase can retain their orientation due to an increased motion during molecular rearrangement. However, the decrease in tensile modulus above the maximum crystallisation temperature is due to thermal degradation and may also be affected by melting of large crystals which leads to a disappearance of a long range order; although it is still possible for short range order to be frozen into the structure during cooling [28] .
It has been shown gualitatively that crystallinity in nylon-6,6 generally increases with increasing draw temperature for a fixed draw ratio. It is evident from the diffraction patterns that there is an increase in the c-axis orientation with increasing draw ratio as shown by the decrease in the length of diffraction arcs.
This work has provided additional evidence to that of Owen and Ward [27] in support of a decrease in crystallinity with increases in draw ratio (up to about 3.0) at a fixed draw temperature. Indeed Porter and his co-workers [31, 32] have found from their density measurements that crystallinity decreases when drawn to a certain draw ratio and draw temperature which differs for different polymers.
The degree of crystallite preferred orientation (along the c-axis in drawn nylon-6,6) shows a significant increase with draw ratio for each fixed draw temperature (figs. 8 and 9). A larger increase in the HOF can be achieved by drawing at 50°C than by cold drawing. However at the draw temperature of 100°C( fig.8 ) the induced preferred orientation is less than at 50°C, which is consistent with the observed changes in tensile modulus ( fig. 3 ) . These observations have been interpreted above as resulting from chain relaxation.
The relationship between the degree of orientation and draw ratios shown in figs. 8 and 9 can be compared with the changes in tensile modulus due to drawing ( fig. 1 and 2 ) .
Although drawing at 50°C results in a lower tensile modulus when compared with room temperature drawing, it shows a greater increase in crystalline orientation. However following drawing at 100°C (i.e above Τ ) the preferred orientation increase is less than at 50 °C, whereas the modulus shows greater improvement ( figs. 1 and 8 ). The precise cause of this anomalous behaviour is not very clear. It has been noted that the amorphous regions (the tie chains) of a semicrystalline polymer are believed to play a dominant role in determining tenacity and tensile moduli of flexible chain fibres [33] . The number of tie chains is relatively small compared with the number of chains in the cross-section of the fibre normal to the c-axis.
When stretching above 100°C (figs. 2 and 9) both the degree of preferred orientation and tensile modulus increase with temperature except at 200°C where, despite the high degree of orientation, low tensile modulus values were recorded [32] . These low values are thought to be attributable to the combined effects of thermal degradation and crystalline disruption which weakened the inter-chain bonding.
In a real polymeric material, complete chain continuity and orientation is not possible because of extensive chain folding and chain ends [1] . Significant increases in tensile modulus may be due to the effects of drawing on the polymer superstructure which allows more stress distribution when a load is applied. However when a fixed load is retained on the sample during cooling after high temperature drawing, it would have the effect of minimising the chain folding. 
